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Epigenetics in the Post-Genomic Era
Since the genomes of over 180 organisms have been sequenced, it is be-
coming increasingly clear that the complex biology of an organism arises
from more information than is contained in its DNA sequence. Conse-
quently, the view of chromatin as simply packaged DNA has broadened
to encompass a role for chromatin protein components in an astoundingly
complex network central to the regulation of different genome functions.
This network is crucial not only in determining gene activity but also for
ensuring the maintenance and inheritance of active and inactive chromatin
states. Furthermore, higher-order chromatin structures are important for
replication and faithful separation of chromosomes during cell division
and their spatial organization within the nucleus.
In this year’s special review issue of Cell, we aim to highlight the nonge-
netic functions that are collectively known as ‘‘epigenetics.’’ This collec-
tion of essays, minireviews, and reviews presents our current knowledge
of the molecular basis of epigenetic mechanisms, including the emerging
role of noncoding RNAs and their role in development and disease, and
discusses the still largely unknown terrain of chromatin organization.
We wish to thank the distinguished experts in the field for their contribu-
tions as authors and reviewers and hope that you will find this issue infor-
mative, thought provoking, and exciting.
The Emerging Field of Epigenetics
When first introduced in 1942 by Conrad Waddington, the term ‘‘epige-
netics’’ was used to describe ‘‘interactions of genes with their environment
that bring the phenotype into being.’’ The modern version of epigenetics includes the molecular mechanisms that influence
the phenotypic outcome of a gene or genome, in the absence of changes to the underlying DNA sequence. A definition of
and an outlook on the emerging field of epigenetics is given in an Essay by Aaron Goldberg, David Allis, and Emily
Bernstein (PAGE 635). The introduction to the field is rounded out by Yang Shi’s Review (PAGE 639) on a recent
epigenetics textbook edited by David Allis, Thomas Jenuwein, and Danny Reinberg.
Epigenetics in the Context of Evolution
Oliver Rando and Kevin Verstrepen (PAGE 655) review how epigenetic variations, which help determine the phenotype of
an organism, are selected for by evolution. The authors describe examples of unicellular organisms that have evolved epi-
genetic mechanisms that can result in changing phenotypes over the lifetime of the organism, therefore allowing a heritable
relationship between genotype and phenotype that is capable of responding to environmental changes. The inheritable epi-
genetic marks, together with the genotype, determine the ‘‘fittest’’ phenotype and are transmitted to the next generation.
Epigentic Regulation of Genomes
Genome-wide analyses of epigenetic marks, such as DNA or histone protein modifications, have been conducted in
unicellular organisms such as yeast, but recent technical advances have made possible the analyses of epigenetic marks
in large mammalian genomes, i.e., epigenomes. Two reviews focus on the epigenetic regulatory networks that control
genome function in mammals. Bradley Bernstein, Alexander Meissner, and Eric Lander (PAGE 669) review our current
understanding of how epigenetic changes determine different genetic programs, thereby allowing tissue- and developmen-
tal stage-specific gene expression. Certain epigenetic changes can result in disease, including cancer, where epigenetic
changes have been studied for decades. Peter Jones and Stephen Baylin (PAGE 683) point out in their Review that epi-
genetic abnormalities in cancer cells can undergo the same positive selection as genetic mutations leading to the accumu-
lation of genetic mutations that further propagate tumor growth. The ongoing search for drugs that reverse the abnormal
epigenetic programming holds promise for therapeutic strategies against cancer.
Function and Maintenance of Histone Modifications
Three reviews provide an overview of the posttranslational modifications of histones, the protein core of nucleosomes.
The fascinating complexity of the enzymes that deposit and remove histone modifications, as well as the factors that
bind those modifications, is summarized in a Review by Tony Kouzarides (PAGE 693), who also provides a ‘‘SnapShot’’
(PAGE 802) with a useful summary ‘‘cheat sheet’’ of histone-modifying enzymes. One functional consequence of histone
modifications is gene activity. Bing Li, Michael Carey, and Jerry Workman (PAGE 707) review the current understanding
of epigenetic modifications that regulate transcription, from making the DNA accessible to transcription factors to restoring
chromatin after transcription has been completed. Similar to transcription, chromatin structure is disrupted during DNA
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replication and during DNA-damage repair. How the new DNA daughter strand is packaged into nucleosomes while
maintaining the epigenetic information of the parental strand is reviewed by Anja Groth, Walter Rocha, Alain Verreault,
and Genevie`ve Almouzni (PAGE 721). This Review also discusses the events during the DNA-damage response, where
signaling via histone phosphorylation triggers DNA repair, ensuring restoration of both genetic and epigenetic information.
Epigenetic Changes in Development
Polycomb group proteins (PcG) and Trithorax group proteins (TrxG) are important factors that regulate gene expression
during development and cell proliferation and play an important role in cancer and stem cell differentiation. Some PcGs
and TrxGs have histone-modifying activity, whereas others bind those marks. Bernd Schuettengruber, Daniel Chourrout,
Michel Vervoort, Benjamin Leblanc, and Giacomo Cavalli (PAGE 735) comment on the biological roles of PcG and TrxG,
assess what has been learned from recent genome-wide analyses of their target genes, and review recent evidence that
noncoding RNAs are involved in their function. The authors speculate that some PcG types evolved to maintain cellular plas-
ticity, which is consistent with their function as a developmental switch during stem cell differentiation.
Differentiation from a totipotent zygote to a pluripotent blastomere cell and then further differentiation into the different
cell types of the embryo involves massive epigenetic changes, as reviewed by Azim Surani, Katsuhiko Hayashi,
and Petra Hajkova (PAGE 747). Dramatic epigenetic reprogramming is also required after fertilization of the egg, when
the maternal and paternal genomes merge. The factors required for this process are of great interest, as they could
be the key to improving the efficiency of somatic cell nuclear transfer and the production of embryonic stem cells through
cloning.
Heterochromatin: Managing (Too Much) Genetic Information
In complex genomes much of the genetic information is kept inactive in
order to maintain tissue- and developmental stage-specific gene ex-
pression. Mikel Zaratiegui, Danielle Irvine, and Robert Martienssen
(PAGE 763) review the rapidly expanding literature about noncoding
RNA-mediated gene silencing mechanisms and heterochromatin forma-
tion. A prominent, inheritable heterochromatin structure is the centromere,
the point of kinetochore assembly and attachment for the spindle appara-
tus during cell division. The core centromeric region is marked by nucleo-
somes containing a histone H3 variant and is flanked by heterochromatin.
Corey Morris and Danesh Moazed (PAGE 647) discuss how centro-
meres in different yeasts and mammalian cells are established and prop-
agated and describe the role of RNA interference in the maintenance of
this structurally important heterochromatin. Recently, it has become clear
that non-Mendelian inherited ‘‘paramutations’’ are most likely regulated by
noncoding RNAs. This phenomenon, where an inheritable change in gene
expression of one allele is induced by the interaction with another allele, is
discussed in an Essay by Vicki Chandler. Pok Yang and Mitzi Kuroda
(PAGE 777) further explore three prominent examples of mammalian
gene inactivation through epigenetic mechanisms: X-chromosome inacti-
vation, imprinting, and allelic exclusion. The authors emphasize that in
addition to silencing mechanisms involving noncoding RNA transcription,
the spatial separation of alleles to distinct regions within the nucleus is also
an important way to achieve gene inactivation.
Spatial Organization and Higher-Order Chromatin
In contrast to the rapidly growing knowledge of molecular processes at the level of single nucleosomes, our understanding
of the secondary structure or even higher-order structure of chromatin is very limited. There are currently two models of
the second-order structure of chromatin, the so-called 30 nm fiber, as discussed by David Tremethick (PAGE 651). Al-
though recent insights into the interactions between histones of different nucleosomes seem to favor the ‘‘zigzag’’ model,
in which the DNA crisscrosses between two stacks of nucleosome, over the simple one nucleosome stack ‘‘solenoid’’
model, the debate is ongoing. Moreover, the inability to visualize the 30 nm fiber in vivo leaves the question of whether
this structure actually exists within the nucleus unanswered. In his Review, Tom Misteli (PAGE 787) argues that compre-
hension of the function of chromatin necessitates study of its three-dimensional organization within the nucleus. As an ex-
ample, it is now clear that genome functions such as transcription, replication, and repair are spatially compartmentalized.
This gives rise to exciting questions as to how spatial organization in the nucleus is achieved and regulated.
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